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Abstract
Recent highlights of measurements by the ATLAS and CMS collaborations involving top quarks produced at the
LHC are presented. Emphasis is put on precise inclusive and diﬀerential top pair production cross section measure-
ments and comparisons to QCD calculations. Special attention is given to ﬁducial measurements. Results on elec-
troweak single top quarks production and the recent evidence of top pair produced in associated with vector bosons
are summarised. The experimental status of top quark mass measurements is critically reviewed.
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1. Introduction
The large hadron collider LHC at CERN has deliv-
ered proton-proton (pp) collisions with an integrated
luminosity of 5 fb−1 at a centre-of-mass energy of√
s=7 TeV and 20 fb−1 at
√
s=8 TeV. This large data
set together with the excellent detector performance al-
lowed to make several high precision measurements and
to test rare processes.
This note reports on the excellent progress made this
and last year using the ATLAS [1] and CMS [2] detec-
tors. On the experimental side new ideas to reduce ex-
perimental uncertainties have been put in action. New
kinematic regions like high transverse momenta or high
jet multiplicities are explored. On the theory side an
unprecedented precision has been reached for ﬁxed or-
der calculations and new concepts to build Monte Carlo
generators are developed.
Detailed tests and searches for particles and interac-
tions beyond the Standard Model coupling to top quarks
are reported elsewhere.
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2. Top pair cross section at NNLO accuracy
The calculation of the top quark pair (tt¯) cross sec-
tion has recently been completed to exact next-to-next-
to-leading (NNLO) QCD accuracy. This is the culmi-
nation point of long standing theoretical eﬀorts on ﬁxed
order QCD calculations [3–8]. After the ﬁrst next-to-
leading (NLO) QCD [9, 10] results in 1988, the ad-
dition of next-to-leading-logarithm (NLL) [11–16] and
of next-to-next-to-leading-logarithm (NNLL) in 2009
[3, 17, 18], the exact NNLO result was published in
2013 [8].
The NNLO+NNLL tt¯ cross section for pp collisions
at
√
s=7 TeV is σtt¯ = 177+10−11 pb and at
√
s=8 TeV is
σtt¯ = 253+13−15 pb for a top quark mass (mt) of 172.5 GeV.
These values are calculated with the top++2.0 pro-
gram [19]. The systematic uncertainty includes the
PDF4LHC prescription [20] for the proton parton den-
sity function (PDF) and the strong coupling αS uncer-
tainties using the MSTW2008 68% CL NNLO [21, 22]
CT10 NNLO [23, 24] and NNPDF2.3 5f FFN [25] PDF
sets, added in quadrature to the renormalisation and fac-
torisation scale uncertainty.
The NLO corrections increase the tt¯ cross section by
about 10%, and the NNLO+NNLL corrections give a
further rise of similar size. The accuracy of the cal-
culation improves from about 12% at NLO to 3% at
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NNLO+NNLL due to the renormalisation and factori-
sation scale and from 8% to 5% due to the PDF. With
the improved precision due to the NNLO calculation the
uncertainties on the PDFs dominate.
In proton anti-proton (pp¯) collisions at
√
s=1.96 TeV
at Tevatron the fraction of gluon-induced processes
σgg/σtot to the total tt¯ cross section is about 15%, while
in pp collisions at LHC it is about 85% at
√
s=7 TeV.
3. Inclusive t t¯ cross section measurements
ATLAS has recently published a measurement of the
inclusive tt¯ cross section in the dilepton channel for the
full data set at
√
s=7 TeV and
√
s=8 TeV [26]. The
novel feature of this analysis is that the tt¯ selection is
only based on leptons. By only requiring one electron
and one muon with pT > 25 GeV and |η| < 2.5 a pure
sample of tt¯ events can be selected. The cross section
is measured from the b-jet multiplicity distribution by
ﬁtting simultaneously σtt¯ and a factor that parametrises
the b-jet tagging eﬃciency and acceptance b. For more
than one b-jets the sample is largely dominated by tt¯
events. The total number of tt¯ events is 33405 with a
background fraction of about 10%.
The total inclusive tt¯ cross section is measured to be:
182.9±3.1(stat.)±4.2(syst.)±3.6(lumi.) pb at√s = 7 TeV
242.4±1.7(stat.)±5.5(syst.)±3.6(lumi.) pb at√s = 8 TeV.
The precision of this measurement is 3-4%. The de-
tailed breakdown of the main uncertainties is sum-
marised in Table 1. The main systematic uncertainty is
due to the knowledge of the luminosity of the data set.
A simultaneous measurement at
√
s=7 TeV [27] of
the inclusive tt¯, WW and the Z → ττ cross section sepa-
rating the processes using the jet multiplicity (Njet) and
the missing transverse momentum (ET,miss) gives:
181.2±2.8(stat.)±9.6(syst.)±3.3(lumi.) pb at√s = 7 TeV.
This measurement exploits that tt¯ processes have high
ET,miss and high Njet, while the Z → ττ production has
low ET,miss and Njet and the WW process is in between.
Also a ﬁducial measurement is provided resulting in a
reduction of the PDF uncertainty.
For comparisons of this measurement with theory
prediction an additional uncertainty due to the LHC
beam energy (0.6%) needs to be considered which in-
duces an uncertainty on the tt¯ cross section of 4.2 pb
(1.8%). A ﬁducial cross section measurement deﬁned
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Figure 1: Summary of tt¯ production cross section measurements at
Tevatron and LHC as a function of the centre-of-mass energy.
Uncertainties: 7 TeV 8 TeV
Statistics 1.7% 0.7%
Analysis systematics 2.3% 2.3%
Luminosity 2.0% 3.1%
Total 3.5% 4.0%
Table 1: Main systematic uncertainty in the ATLAS tt¯ cross section
measurement.
close to the detector acceptance has a reduced system-
atic uncertainty of 11% (mainly due to PDFs). A similar
measurement of the CMS experiment gives [28, 29]:
161.9±2.5(stat.)±5.1(syst.)±3.6(lumi.) pb at√s = 7 TeV
239.0±2.1(stat.)±11.3(syst.)±6.2(lumi.) pb at√s = 8 TeV.
At
√
s=8 TeV the ATLAS and CMS measurements
are in good agreement with each other and with the
NNLO+NNLL QCD prediction. At
√
s=7 TeV there
is a tension of about two standard deviations (σ).
A recent tt¯ cross section combination of the Tevatron
experiments [30] gives
7.6±0.2(stat.)±0.29(syst.)±0.21(lumi.) pb at√s = 1.96 TeV.
The precision of the Tevatron and LHC measurements
is compared in Table 2. At Tevatron (LHC) a preci-
sion of 6–7% (4-6%) is achieved. At both colliders the
largest uncertainty is due the luminosity. At CDF this
is mitigated using inclusive Z boson production as ref-
erence. Fig. 1 shows a summary of recent tt¯ cross sec-
tion measurements at Tevatron and LHC compared to
NNLO+NNLL QCD.
Overall an impressive experimental precision is ac-
complished by both Tevatron and LHC measurements.
The experimental precision matches well the precision
reached by the NNLO+NNLL QCD calculation.
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Tevatron LHC 8 TeV
Precision D0 CDF ATLAS CMS
total 7.8% 6.5% 4.3% 5.5%
stat 2.6% 4.1% 0.7% 0.8%
syst 4.3% 4.7% 2.3% 4.7%
lumi 6.1% 2.0% 3.1 % 2.6%
Table 2: Main systematic uncertainties in the tt¯ cross section measure-
ments at Tevatron and LHC.
4. Top pair ﬁnal state modelling
Over the past 20 years signiﬁcant progress has been
made in the ﬁnal state modelling of high energetic parti-
cle collisions using Monte Carlo (MC) simulation gen-
erators [31]. In particular for measurements of ﬁnal
state with top quarks this is important since many preci-
sion measurement are limited by systematic uncertain-
ties on MC modelling and moreover tt¯ event represent
an important background for new physics searches.
Around 1990 the ﬁrst MC generators (Pythia [32],
Herwig [33]) became available where the hard scatter-
ing was based on a LO matrix element (ME) for 2→2
processes interfaced with parton showers (PS) describ-
ing the additional radiation to leading logarithm accu-
racy ME(2→2)@LO+PS. Also the transition of partons
to the observable hadrons was modelled.
In 2001 MCs were able to merge leading order
matrix elements for 2→n with up to n=5 partons in
the hard scattering processes including a matching
procedure to parton showers [34, 35] and hadronisa-
tion (ME(2→n)@LO+PS). Examples are Alpgen [36],
MadGraph [37] and Sherpa [38].
In 2002 an algorithm to merge the hard scattering
based on a NLO ME for 2→2 processes with parton
showers was developed (ME(2→2)@NLO+PS) [39]
and MC generators implementing NLO accuracy for
the inclusive underlying 2→2 process became available
MC@NLO [39, 40] and PowHeg [41–44]. These MCs
are presently the main tools used for data analysis.
Recently, tools merging 2→n matrix elements to
NLO accuracy (multi-jet merging) matched with PS
were developed (ME(2→n)@NLO+PS). These tools
are fully automated and are available in Mad-
Graph5 aMC@NLO [45] and Sherpa 2 [46, 47]. They
are presently commissioned by the LHC experiments.
5. Diﬀerential t t¯ cross section measurements
With the large data sets made available by LHC the tt¯
cross section can also be measured precisely as a func-
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Figure 2: Top pair production cross section at
√
s=7 TeV as a function
of the top quark transverse momentum [48]. Data are compared to a
ﬁxed order NLO QCD prediction.
tion of kinematic variables. Measured kinematic vari-
ables include the top transverse momentum (ptT), and
the invariant mass (Mtt¯), the rapidity (ytt¯) and transverse
momentum (pTtt¯) of the tt¯ system. The large available
data sets allow for precise diﬀerential measurements
reaching high transverse momenta and masses.
For instance, in a recent result using a data set of 12.1
fb−1 at
√
s=8 TeV CMS has selected 76k tt¯ events in the
l+jets channel [49] and about 35k events in the dilep-
ton channel [50] with a signal fraction of 80%. This is
in contrast to about 2500 events in the most recent D0
measurement with a signal fraction of 75 % in the l+jets
channel using a data set of 9.7 fb−1 [51].
Fig. 2 shows the tt¯ cross section as a function of ptT as
measured by ATLAS at
√
s=7 TeV using an integrated
luminosity of 4.6 fb−1 [48]. The data are well described
for ptT  200 GeV by a NLO QCD calculation based on
MCFM. For higher momenta the data fall below NLO
QCD (by about 30% for ptT > 400 GeV). Fig. 3 shows
the result from CMS [49] at
√
s=8 TeV. The data are
compared to the MadGraph to the PowHegMC simula-
tion and to a NLO+NNLL calculation [52]. In this case
the MC simulation fall below the data at high ptT, while
the data are higher at low ptT. A CMS measurement at√
s=7 TeV leads to similar conclusions [53].
Both the ATLAS and CMS data are lower than the
theory predictions at high ptT or high Mtt¯. At low p
t
T the
ATLAS data are in good agreement with NLO QCD,
while the CMS data are higher and agree better with
NLO+NNLL. The data agree only at the 2-3 σ level.
Investigations to explain these diﬀerences are on-going.
Possible explanations for diﬀerences seen at large ptT
between data and theory are presently being investi-
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Figure 3: Top pair production cross section at
√
s=8 TeV as a function
of the top quark transverse momentum [49]. Data are compared to
MadGraph, PowHeg and a NLO+NNLL calculation.
gated. These include a softer gluon distribution at large
x as suggested by the better agreement of the NLO cal-
culation using the HERAPDF, electro-weak corrections
that can lower the QCD predictions by a few percent
[54–56], higher order QCD eﬀects, or eﬀects related to
parton shower or hadronisation. In this context it is in-
teresting that PowHeg with Herwig as parton shower is
able to describe the data.
6. Top pair ﬁnal state ﬁducial measurements
Measurements of ﬁnal state observables are indis-
pensable to assess and improve the modelling of tt¯
events. They can be used to justify and reduce the
systematic uncertainties associated to the tt¯ modelling.
They need to be deﬁned in a ﬁducial phase space re-
gion close to the detector acceptance and corrected to
the level of stable particles, jets and other physics ob-
jects entering the detectors.
The ﬁrst ﬁducial tt¯ measurement was published by
ATLAS in 2012 [58] and was used to constrain the MC
parameters controlling the additional parton radiation
in tt¯ events. [59, 60]. A new measurement was re-
cently presented by CMS at
√
s=7 TeV using a data
set of 5 fb−1 [57]. Events are selected in the dilepton
decay channel asking for two b-jets with pjetT > 30 GeV
and |η| < 2.4. Jets are reconstructed with the anti-kt
algorithm [61] with a distance parameter of R = 0.5.
The additional jets are used to measure the gap fraction
which is the probability to emit no jet above a certain
pT cut in given η region. More radiation will lead to
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Figure 4: Probability to emit no additional jet in the |η| < 2.4 region as
a function of the jet pT cut (top) and top pair production cross section
as a function of the multiplicity of jets with pT > 35 GeV and |η| < 2.4
(bottom) [57]. Data are compared to aMadGraphMC simulation with
varying renormalisation, factorisation and ME/PS matching scales.
smaller value of this observable. Figure 4 (top) shows
this gap fraction observable compared to a simulation
based on MadGraph.The MC simulation with the de-
fault settings gives slightly more additional jets than
measured in data. Also shown are the results for the
renormalisation and factorisation scale and the matrix
element (ME) and parton shower (PS) matching scale
varied by factor of 2. The simulation with the varied up
renormalisation scale corresponding to lower αs values
describes the data best. Since the MC simulation cover
the data, such variations can be used to estimate the sys-
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tematics due to additional radiation in other measure-
ments. Figure 4 (bottom) shows the CMS jet multiplic-
   
[p
b/
G
eV
]
T
/d
p
σd
-410
-310
-210
-110
1
Data
POWHEG+PYTHIA
)+PYTHIA
damp
POWHEG(h
MC@NLO+HERWIG
 Down)sαALPGEN+PYTHIA (
ATLAS
-1
 L dt = 4.6 fb∫
 = 7 TeVs
 R=0.4tanti k
| < 2.5η|
l+jets
   [GeV]
T
leading jet p
210 310
E
xp
ec
te
d/
D
at
a
0.5
1
1.5
   
[p
b/
G
eV
]
T
/d
p
σd
-310
-210
-110
1
Data
POWHEG+PYTHIA
)+PYTHIA
damp
POWHEG(h
MC@NLO+HERWIG
 Down)sαALPGEN+PYTHIA (
ATLAS
-1
 L dt = 4.6 fb∫
 = 7 TeVs
 R=0.4tanti k
| < 2.5η|
l+jets
   [GeV]
T
 jet pth4
210 310
E
xp
ec
te
d/
D
at
a
0.5
1
1.5
Figure 5: Top pair production cross section as a function of the leading
(top) and 4th leading (bottom) jet pT [62]. Data are compared to MC
predictions based on PowHeg and MC@NLOand Alpgen.
ity measurement in the l+jets channel. Here the default
MC simulation gives a good description of the data.
The systematic variations encompass well the data. A
similar measurement of the multiplicities of jets recon-
structed with the anti-kt algorithm [61] using R = 0.4
with pT > 35 GeV and |η| < 2.4 was also published by
ATLAS [62]. In addition also the pT spectra of the jets
are measured in the l+jets channel. The leading jet pT is
closely related to ptT, while the 4th leading jet is related
to the pT of the tt¯ system. These observables are shown
in Fig. 5.
As already observed for ptT, the PowHeg MC inter-
faced with Pythia as well as Alpgen with lower value of
αs tuned to describe the jet multiplicities [62] are higher
than the data at large pT. However, the leading jet pT is
well described by the MC@NLO MC interfaced with
Herwig. This is consistent with the observation that
the use of Herwig also leads to a good description of
ptT. However, MC@NLO is lower than data at high val-
ues of the 4th jet pT. The PowHeg MC with a changed
parameter (hdamp) that controls the additional radiation
can describe the data better and also gives a good de-
scription of the jet multiplicities.
In conclusion, well deﬁned tt¯ ﬁnal state measure-
ments of tt¯ are very important to assess and improve the
MC modelling. This will increase the sensitivity to pro-
cesses like the associated production of tt¯ and the Higgs
boson and for many searches of new particles beyond
the SM exploiting high jet multiplicities or high pT.
7. Top mass measurement
7.1. Methods and interpretation
The standard way to measure the top mass (mt) is
to reconstruct the top decay products (W boson and
b-quark) and to form the invariant mass. The measure-
ment is calibrated using MC simulations and therefore it
refers to mt as implemented in the MC simulations. The
decay products are reconstructed using simple combina-
tions of the physics objects in the event or more sophis-
ticated techniques using kinematic ﬁts based on likeli-
hoods (ATLAS) or a χ2 metric (CMS).
In the template method the reconstructed top mass is
obtained from the reference MC for various top masses
and the shape of this reference distribution is ﬁtted to
the mt distribution in the data. This method is used by
ATLAS and CDF. In the ideogram method as, for in-
stance, employed by CMS all good permutations of the
physics objects are used to form mt. A likelihood func-
tion tests the compatibility of the event kinematics with
the top decay hypothesis. In the Matrix element method
(e.g. D0) the LO cross section is used to calculate on an
event-by-event basis signal and background probability
densities for all parton-jet assignments.
The simplest method only ﬁts mt (1D-ﬁt). Most anal-
yses use mt and a scale factor (JSF) that changes the
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jet 4-vectors as ﬁt parameter (2D-ﬁt). The JSF factor is
obtained by imposing that the two jets assigned to the
W boson give the correct W boson mass. This factor
constrains possible diﬀerences in the jet energy mea-
surement, e.g. due to ﬂavour diﬀerences between the
physics and calibration sample or residual data to MC
diﬀerences after jet calibration, as well as physics ef-
fects like parton showers and hadronisation that alter the
momentum when the quarks from the W boson trans-
form to the jets formed from stable particles. ATLAS
uses three ﬁt parameters (3D-ﬁt). In addition to mt and
JSF a scale factor that changes the b-jets (bJSF) is con-
strained using the ratio of the b-jet pT to the pT of the
jets associated to the W boson.
Top mass measurements methods reconstructing the
top decay might suﬀer from uncertainties of order of
ΛQCD. There are also ongoing discussions how to inter-
pret the MC-based results in terms of the mt parameter
in the Standard Model Lagrangian. Recent reviews on
the mass interpretation can be found in Refs. [63, 64].
It is therefore important to measure mt also with alter-
native techniques like the comparison of QCD calcu-
lations to the inclusive tt¯ production cross section (see
Section 7.3) or to observables based on tt¯+jets [65]. De-
terminations of mt from single top cross sections have
presently lower sensitivity [66].
The use of well deﬁned theory cross sections for the
mt determination allows to specify the renormalisation
scheme. Therefore the mt deﬁnition is more transparent.
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Figure 6: Comparison of the world mt combination result with the
individual mt determinations per tt¯ decay channel, experiment, and
collider. Results are compared with the Tevatron and LHC combined
mt values from Refs. [67, 68]. The grey vertical band reﬂect the total
uncertainty on the combined mt value.
7.2. World combination and new measurements
Top mass measurements have been carried out by
the Tevatron experiments over the past decades. Im-
proving the detector performance, the signal MC mod-
elling and the measurement techniques the mt measure-
ments became increasingly precise. In the year 2013
combinations of the most precise results of the Teva-
tron experiments [67, 69] reached a relative precision of
0.5%. In parallel, the LHC experiments have become
increasingly competitive with their latest measurements
on the
√
s=7 TeV data set and recent LHC combina-
tions [70, 71] give a relative precision of 0.55%.
In March 2014 the world combination of mt was car-
ried out by the ATLAS, CMS, D0 and CDF collabora-
tions [68]. The world average has been determined to:
mt = 173.34 ± 0.27 (stat.) ± 0.71 (syst.) GeV.
The relative precision achieved is 0.44%.
Figure 6 shows a summary of the mt measurements
entering in the world combination. The highest pre-
cision is reached for the l+jets channel (0.46%), but
also the dilepton channel (0.67%) and the fully hadronic
channel (0.7%) give a good precision. The largest im-
pact on the combination are carried by the CDF and the
CMS measurements in the l+jets channel.
Special care is applied to the estimate of the correla-
tion of the systematic uncertainties. This is often dif-
ﬁcult and stability tests of the result under variations
of the uncertainty assumptions are carried out. The
largest eﬀect on mt is on the correlation assumption of
the jet energy measurement uncertainty across the ex-
periments, the tt¯ ﬁnal state modelling and the treatment
of the hadronisation uncertainty. All three variations
have an eﬀect on the combined mt on the level of 100
MeV. The overall consistency is good (χ2 = 4/10) and
all measurements have a pull below 1 except for the D0
l+jets measurement for which the pull is 1.2.
Since the world average mt combination, several new
measurements with high precision were published. The
new measurements are summarised in Fig. 7. New pre-
 [GeV]topm
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1.2
3.25
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Figure 7: Recent top mass measurements compared to the world av-
erage from March 2014.
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liminary mt measurements of the CMS experiment at√
s=8 TeV were made available in the l+jets [72] and
the fully hadronic channel [73]. The CMS l+jets mea-
surement gives:
mt = 172.04 ± 0.19 (stat + JSF) ± 0.75 (syst.) GeV.
This corresponds to a precision of 0.45%. The fully
hadronic channel gives:
mt = 172.08 ± 0.36 (stat + JSF) ± 0.83 (syst.) GeV.
with a precision of 0.53%.
The most precise mt measurement was recently pub-
lished by the D0 experiment [74]. This measure-
ment was carried out as a blinded analysis. It selects
2500 events by requiring one lepton, four jets with one
b-tagging and uses a leading order matrix element to
calculate signal and background probability densities.
The W boson mass constraint is exploited in a 2D ﬁt.
The D0 measurement gives:
mt = 174.98 ± 0.58 (stat. + JSF) ± 0.49 (syst.) GeV
corresponding to a precision of 0.45%. A recent Teva-
tron combination [75] gives:
174.34 ± 0.37 (stat.) ± 0.52 (syst.) GeV
with a precision of 0.37%. The overall consistency of
the measurements is χ2 = 10.8/11. In this combina-
tion the D0 measurement has the largest weight (67.2
%) and has a pull with respect to the Tevatron average
of 1.6. The second largest weight of 28.8% is carried
by the CDF l+jets measurement with a pull of −1.64.
Compared to the world average, the central value of this
combination is 1.00 GeV higher.
There is a clear tension between the two recent most
precise mt measurements from D0 and from CMS (see
Fig. 7). To quantify the signiﬁcance of this tension
needs a careful evaluation of the correlations of the sys-
tematic uncertainties. Work is ongoing to understand
the diﬀerences, to cross check the employed mt mea-
surement techniques and to review the MC modelling
uncertainties and the uncertainties of the physics ob-
jects.
7.3. Determination from inclusive tt¯ cross section
The top mass can also be determined by comparing a
NNLO+NNLL QCD calculation to the inclusive cross
section measurements (see Section 3). The precise AT-
LAS cross section obtained by only selecting two lep-
tons [26] has a particularly low dependence of the ex-
perimental acceptance on mt used in the MC simula-
tion. Figure 8 shows the dependence of the tt¯ cross-
section as a function of the top mass for the
√
s=7 TeV
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and
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s=8 TeV results. The dependence of measured
cross section is only −0.28%/GeV. Shown as band is
the NNLO+NNLL QCD cross section prediction for
various PDFs and the renormalisation and factorisation
scale uncertainty.
Since the NNLO+NNLL QCD calculation uses the
pole mass scheme, the pole mass can be determined.
The results are given on Fig. 9 together with previous
mpolet determinations [76, 77]. The m
pole
t determination
has a precision of 1.5%. The largest experimental sys-
tematics is due to the luminosity that is uncorrelated for√
s=7 TeV and 8 TeV. The results are consistent within
1.7σ.
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8. Single top cross section measurements
Top quarks can also be singly produced via elec-
troweak interactions. In leading order the production
processes can be classiﬁed according to the exchange of
the W boson or equivalently according to the primary
electroweak Wtb-vertex: the t-channel (W∗b → t) and
the s-channel (W∗ → tb) process and the associated pro-
duction of a W boson and a top quark (b→ Wt).
The single top production process has been ﬁrst ex-
perimentally established in proton anti-proton collisions
at the Tevatron [78, 79]. In proton-proton collisions
the single top-quark production was established ﬁrst in
the t-channel by the ATLAS and CMS collaborations at√
s=7 TeV [80, 81]. Evidence for the associatedWt pro-
duction was also reported at
√
s=7 TeV [82, 83]. The
observation of this channel was reported by the CMS
collaboration with a signiﬁcance of more than ﬁve stan-
dard deviations [84]. For s-channel production, so far
only upper limits are given by the LHC experiments
[85, 86], while the Tevatron experiments recently re-
ported the observation of the s-channel [87].
At the LHC the single top quark production cross sec-
tion is signiﬁcantly higher. For the t-channel and the
associated Wt production the signal can be well sepa-
rated from the background. This allowed to measure the
production cross sections separately for top and anti-top
quarks and also to make the ﬁrst ﬁducial and diﬀerential
measurements.
8.1. t-channel process
The t-channel process dominates at the LHC. At√
s=8 TeV it constitutes 82% of the total single top
production cross section, while at Tevatron it is 65%.
The tW production is 15% at LHC, while it is neg-
ligible at the Tevatron. For the t-channel process re-
cently an almost complete cross section calculation was
carried out to NNLO accuracy [88]. The NNLO cal-
culation for the total inclusive t-channel cross section
gives σNNLO = 83.9+0.8−0.3 pb. For this process the NLO
QCD corrections are only a few percent (+2.4%) and the
NNLO corrections are small and negative (−1.6%). The
quoted uncertainty refer to the variation of the renormal-
isation and factorisation scale. The accuracy improves
from 3.4% at NLO to 1% at NNLO.
A new measurement of the inclusive t-channel cross
section by the ATLAS experiment [89] measured sep-
arately the top σtq and anti-top σt¯q cross section at√
s=7 TeV and also the ratio Rt = σtq/σt¯q:
σtq = 46 ± 1 (stat.) ± 6 (syst.) pb
σt¯q = 23 ± 1 (stat.) ± 3 (syst.) pb
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Figure 10: Single top production cross section in the t–channel as a
function of the top quark transverse momentum compared to a NLO
QCD prediction [89].
σtq+t¯q = 68 ± 2 (stat.) ± 8 (syst.) pb
Rt = 2.04 ± 0.13 (stat.) ± 0.12 (syst.) pb.
The cross section measurements have a precision of
about 13%. The dominant systematic uncertainty on
the cross sections is the jet energy uncertainty in the
forward detector region (7-8%). This measurement as-
sumes mt = 172.5 GeV and the dependence of the cross
section on mt is also provided.
After a basic event selection the event sample is di-
vided in two channels: one with exactly two jets with
pT > 30 GeV and |η| < 4.5 where exactly one jet is
b-tagged, and another with three jets with one or two b-
tags. For each channel kinematic ﬁnal state variables are
used in a neutral net to discriminate signal from back-
ground. Using a selection on the neural net output a
high purity region can be identiﬁed that allowed for a
measurement of the diﬀerential top pT. Fig. 10 shows
the single top t-channel cross section as a function of
ptT [89]. A NLO QCD calculation [66, 90] gives a good
description of the measurement.
The CMS experiment already published a t-channel
cross section measurement at
√
s=8 TeV [91]. The
measurement is carried out in the channel with two jets
and with one b-tag. The cross sections are obtained
from a ﬁt of the forward jet pseudo-rapidity distribution:
σtq = 53.8 ± 1.5 (stat.) ± 4.4 (syst.) pb
σt¯q = 27.6 ± 1.3 (stat.) ± 3.7 (syst.) pb
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σtq+t¯q = 83.6 ± 2.3 (stat.) ± 7.4 (syst.) pb
Rt = σtq/σt¯q = 1.95 ± 0.1 (stat.) ± 0.19 (syst.).
The precision ranges between 8.6% and 14.2%. The
dominant uncertainties are due to the jet energy mea-
surement (4.3%) and to signal modelling (5.7%). The
invariant mass distribution of the top quark recon-
structed from the lepton, a b-jet and the missing trans-
verse momentum is shown in Fig. 11.
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Figure 11: Distribution of the invariant mass of the reconstructed top
quark in the t-channel single top analysis by the CMS experiment [91].
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A ﬁrst preliminary ﬁducial cross section measure-
ment for single top production deﬁned using stable par-
ticles within the detector acceptance was presented by
ATLAS for
√
s=8 TeV [92]. The ﬁducial phase space is
deﬁned by identical requirements on the particles deﬁn-
ing the cross section and the reconstructed physics ob-
jects in the detector. Within the ﬁducial phase space
σWt at
√
s=8 TeV
ATLAS 27.2 ± 2.8 (stat.) ± 5.4 (syst.) pb
CMS 23.4 ± 1.9 (stat.) ± 5.0 (syst.) pb
Table 3: ATLAS and CMS Wt cross section measurements.
the t-channel single top production signal fraction is
obtained from a likelihood ﬁt to a neural net discrimi-
nant based on kinematic variables of the reconstructed
physics objects. The ﬁducial cross section precision is
14%. The largest uncertainties are on the choice of the
t-channel generator (8%) and on the jet energy measure-
ment in the forward detector region (8%).
The total inclusive t-channel single top cross sec-
tion is then obtained by extrapolating the ﬁducial re-
gion to the total phase space using a variety of MC
simulations. The extrapolation uncertainty is due to the
choice of the PDF (3.8%) and the t-channel generator.
This is illustrated in Fig. 12 showing the total inclu-
sive t-channel cross section extrapolated with various
MC generators incorporating the ME(2→n)@LO+PS
and ME(2→n)@NLO+PS concepts. The variation of
the MC generators used for the extrapolation from the
detector acceptance to the total inclusive cross section
is larger than the uncertainty on the NLO+NNLL QCD
calculation.
The ﬁnal total t-channel cross section is
quoted for the acceptance as calculated by Mad-
Graph5 aMC@NLO [45]:
σtq+t¯q = 82.6 ± 1.2 (stat.) ± 11.4(syst.) ± 2.3 (lumi.).
The recent NNLO QCD calculation (σNNLO = 83.9+0.8−0.3
pb) that is lower than the NLO+NNLLQCD results (see
Fig. 12) is better supported by the measurements.
8.2. Wt production
For the associated Wt production the LHC experi-
ments reported ﬁrst evidence for the
√
s=7 TeV data set
[83, 93]. Recently the CMS experiment reported the ob-
servation of Wt production on a 6.1σ signiﬁcance level
using the
√
s=8 TeV data set [84] and the ATLAS ex-
periment evidence on a 4.2σ level [94]. In both experi-
ments multivariate techniques based on many kinematic
variables are used to separate the Wt signal from the
background. The signal fraction in the signal region is
typically 16%. The main background is from tt¯ events.
The Wt associated production cross section measure-
ments are summarized in Table 3. The measurement
from ATLAS has a 21.3% precision, the one from CMS
a 24% precision. The results are dominanted by the sys-
tematic uncertainties.
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process Tevatron LHC
t-channel 16% 10%
Wt-production - 22%
s-channel 19% < 2.1 σSM
Table 4: Precision of the single top cross section measurements at
Tevatron and LHC. For the s-channel only an upper limit is given.
8.3. Summary and outlook
Table 4 summarises the present status of the elec-
troweak production of top quarks. With the observa-
tion of the s-channel process at Tevatron [87], all single
top processes are now established. For this process only
upper cross section limits are available at LHC [85, 86].
The t-channel process has the highest cross section at
LHC and is measured with a 10% precision. In this
channel signal and background can be well separated
and ﬁrst measurements of the top quark properties are
performed.
The search phase for the single electroweak produc-
tion of top quark is accomplished. The goal is now to
measure the production cross section precisely with the
least possible model dependence. A ﬁrst step in this di-
rection has been made by measuring ﬁducial cross sec-
tion to factorize experimental uncertainty from theory
uncertainty connected to the extrapolation of the detec-
tor acceptance to the full phase space.
Another step will be to address the question on how
the single top processes can be better deﬁned based on
the ﬁnal state rather than on the leading order W bo-
son virtuality. The classiﬁcation based on the W boson
virtuality is based on a LO picture and has therefore its
intrinsic low precision level. For instance, the t-channel
and s-channel processes interfere in a NNLO calcula-
tion for ﬁve ﬂavours. The interference is expected to
be small, but will become an issue with increasing pre-
cision. Another example is Wt and tt¯ production that
give the same ﬁnal state when calculated at NLO accu-
racy in the ﬁve ﬂavour scheme (or already at LO in the
four ﬂavour scheme) and the distinction should rather
be based on double-, single- and non-resonant top pro-
duction of the WWbb¯ process deﬁned on observables.
The best solution would be to measure cross section
in regions enhanced by certain processes instead of la-
belling one contribution as signal and the other as back-
ground according to the best present knowledge [95].
9. Tests of the Wtb-vertex structure
In the SM the top quark decays through an elec-
troweak interaction almost exclusively to aW boson and
R = (BRt→Wb)/(BRt→Wq)
D0 0.90 ± 0.04 (stat.+syst.)
CDF 0.94 ± 0.09 (stat.+syst.)
CDF 0.871 ± 0.045(stat.) ± 0.058(syst.)
CMS 1.014 ± 0.003(stat.) ± 0.032(syst.)
Table 5: Tevatron and LHC top branching fraction measurements.
process Tevatron LHC
σtq+t¯q 7-10% 5-10%
BRt→Wb
BRt→Wq
4-8% 1.6%
Table 6: Precision on Vtb measurements at Tevatron and LHC.
a b-quark. The magnitude of the Wtb- coupling is pro-
portional to Vtb, an element of the Cabibbo–Kobayashi–
Maskawa (CKM) matrix. Under the assumption that the
CKM matrix is unitary, Vtb is expected to be close to
unity and dominate over the oﬀ-diagonal elements, i.e.
|Vtb|  |Vts|, |Vtd |.
The branching fraction of the top quark deﬁned as
R =
BRt→Wb
BRt→Wq
=
|Vtb|2
|Vtb|2 + |Vts|2 + |Vtd |2
.
was measured by the Tevatron experiments [96–98].
The results are summarised in Table 5. The ﬁrst mea-
surements by D0 is 2.5σ lower than 1 indicating a ten-
sion with the SM expectation. The newest CDF mea-
surement based on a data set of 8.7 fb−1 and performed
in the dilepton channel diﬀers from 1 by 1.8σ. A re-
cent R measurement of the CMS collaboration [99] in
the dilepton channel using a data set of 19.7 fb−1 at√
s=8 TeV achieves a precision of 3% and is in ex-
cellent agreement with SM predictions based on elec-
troweak and ﬂavour measurements. The measurement is
obtained from a ﬁt to the b-jet multiplicity on an event-
by-event basis.
The result is combined with a previous CMS mea-
surement of the t-channel single top quark cross sec-
tion [81], its theory predictions, the predicted top quark
decay partial width Γ(t → Wb) = 1.329 GeV and as-
suming mt = 172.5 GeV to determine the top quark to-
tal decay width, as proposed in Ref. [100], Γ = 1.36 ±
0.02 (stat.) +0.14−0.11(syst.) GeV.
The precision on Vtb measurements from single top
production and the top branching fraction is sum-
marised in Table 6. The Vtb measurements using R from
CMS achieves a precision from 1.6%.
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W Z tt¯ tt¯V
2L 0L 2L
1L 1L 2L
2L 2L
2L 1L 3L
1L 2L 3L
2L 2L 4L
Table 7: Overview of the channel classiﬁcation using the number of
leptons (L) in the measurement of tt¯V processes.
Within the SM the Wtb-vertex is purely left-handed
and the strength of the Vtb coupling is close to 1. Possi-
ble deviation can be described by anomalous couplings
using an eﬀective Lagrangian [101–104]. Constraints
on these couplings were obtained from W-helicity mea-
surements [104–107], the R measurements, and dedi-
cated searches in single top t-channel production. The
imaginary part of the right handed anomalous coupling
sensitive to charge-parity (CP)-violating in top decay
can be constrained using angular asymmetries [108] and
the anomalous right vector and left tensor couplings of
the Wtb vertex exploiting the diﬀerent expected ﬁnal
state using a multi-variate analysis [109]. For a recent
review on limits on anomalous couplings from LHC and
Tevatron top data see Ref. [110].
10. Associated production of t t¯ and vector bosons
The production of a tt¯ pair in association with a vec-
tor boson V (Z or W boson) (tt¯V) is a good handle to
test electroweak top couplings and top quark properties.
The process where the Z boson is radiated from the tt¯
system is sensitive to the weak isospin of the top. The
tt¯V process has not yet been observed, but has a sizable
cross section at LHC [111, 112]. It is also an irreducible
background in many searches at LHC.
The rare process tt¯V has a total production cross sec-
tion of 161 fb for tt¯W+ and 71 fb for tt¯W− with uncer-
tainties of about 16% for the renormalisation and fac-
torisation scale and 7.5% for the PDF and αs. The pro-
cess tt¯Z has a cross section of 205.7 fb [112–115].
Because of the small expected event numbers all pos-
sible decays of the tt¯ system and of the Z or W boson
are considered in the experimental analysis. The ex-
perimental signature can be classiﬁed according to the
number of leptons in the ﬁnal state (see Table 7). Con-
sidered are ﬁnal state for two (2L), three (3L) or four
(4L) leptons. In case of a dilepton ﬁnal state the chan-
nels with a same-sign lepton charge have a good sig-
nal to background ratio. In the CMS analysis [116] at
√
s=8 TeV all lepton multiplicities are used (2L, 3L and
4L); in the 2L analysis only the same-sign signatures are
used. The ATLAS experiment uses the 2L same-sign
signatures for muons only, the 3L signatures and the 2L
opposite-sign signature in connection with a multivari-
ate technique based on kinematic ﬁnal state variables to
suppress background.
Table 8 summarises the CMS results at
√
s=7 TeV
[93] and at
√
s=8 TeV [116]. Evidence for the com-
bined tt¯V process is established at the three standard
deviation level. Also shown is the combined process
tt¯V . The production cross section are measured with a
precision of 64% (tt¯W), 41% (tt¯Z) and 33% (tt¯V) for√
s=8 TeV. Also the smaller data sample at
√
s=7 TeV
gives a signiﬁcance and cross section precision similar
to those at
√
s=8 TeV. Figure 13 shows the invariant
lepton mass that peaks at the Z boson mass and the tri-
jet mass formed from a b-jet and additional two jets that
roughly peak at the top mass.
Process σ Signiﬁcance
tt¯Z 150+55−50 (stat.) ± 21(syst.) fb 3.1
tt¯W 300+120−100 (stat.) ±7040 (syst.) fb 3.1
Table 9: ATLAS tt¯Z and tt¯W cross section measurements at√
s=8 TeV. The quoted results refer to the case where the tt¯Z and
tt¯V cross sections are determined separately.
The early ATLAS results at
√
s=7 TeV using 4.7 fb−1
used only the 3L channel and only reported an upper
limit on the tt¯Z cross section [117]. The ATLAS results
at
√
s=8 TeV using a data set of 20.3 fb−1 are sum-
marised in Table 10 [118]. Here, the SM ratio for σtt¯Z
to σtt¯W is assumed. Evidence of the combined tt¯V pro-
Process Signiﬁcance
tt¯W 3.1
tt¯Z 3.2
tt¯V 4.9
Table 10: ATLAS results for the tt¯W, tt¯Z and the combined tt¯V mea-
surement at
√
s = 8 TeV.
cess of almost 5σ is found, while the individual tt¯Z and
tt¯W processes have 3σ. Table 9 gives the cross section
results for the case where the tt¯Z and tt¯W cross section
is determined separately. In this case evidence on the
3σ level is found. The cross sections are measured with
a precision of about 40%.
Fig. 14 shows the correlations of the tt¯W and tt¯Z cross
section for the case where both are separately ﬁtted. The
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Channels Process σ Signiﬁcance√
s=7 TeV
2L tt¯V 430+170−150(stat.) ±9070 (syst.) fb 3.0
3L tt¯Z 280+140−110(stat.)
+60
−30(syst.) fb 3.3√
s=8 TeV
2L tt¯W 170 ±9080 (stat.) ±7070 (syst.) fb 1.6
3L+4L tt¯Z 200 ±8070 (stat.) ±4030 (syst.) fb 3.1
2L+3L+4L tt¯V 380 ±10090 (stat.) ±8070 (syst.) fb 3.7
2L+3L+4L tt¯W 170 ±110100 (total) fb
2L+3L+4L tt¯Z 200 ± 90(total) fb
Table 8: CMS cross section measurements for tt¯Z, tt¯W and the combined tt¯V process. For the last two lines tt¯W and tt¯Z is ﬁtted separately. For all
other results the SM ratio for tt¯Z and tt¯W is assumed.
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Figure 13: Event yields in data after ﬁnal trilepton selection require-
ments, compared to the background estimates and signal expectations
[116]. Contributions separated by ﬁnal states with two leptons tri-
jets mass distribution for the hadronic top-quark candidate, Z-boson
candidate dilepton mass distribution,
measurements are consistent with the NLO QCD result.
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Figure 14: Combined simultaneous ﬁt of the tt¯Z and tt¯W signal
strengths along with the 68% CL and 95% CL uncertainty contours
[118]. The dashed area corresponds to the 22% uncertainty on the
NLO QCD results.
In conclusion, evidence for the production of tt¯ pair
in association with W and Z bosons was found on the
three standard deviation level by the ATLAS and the
CMS experiment. The measured production rates are
compatible with NLO QCD calculations.
11. Conclusions
The advent of LHC has given a large boost to mea-
surements involving top quarks and triggered tremen-
dous activities on the experimental and theoretical side.
The recent accomplishments using the ﬁrst LHC run at√
s=7 TeV and
√
s=8 TeV has pushed top quark physics
in the precision domain. The experimental precision
is well matched by the precision oﬀered by the latest
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QCD calculations and the appealing potential of mod-
ern Monte Carlo generators.
The top pair (tt¯) production cross section was mea-
sured to a precision of 3-4%. This is well matched by
the recent NNLO QCD calculations with an accuracy
of a few percent. First diﬀerential precision measure-
ment of the top quark transverse momentum and the tt¯
system mass show that the data fall signiﬁcantly below
the QCD predictions. Several proposed solutions are
presently investigated.
All single top production modes are observed. The
s-channel production mode was put in evidence by the
Tevatron experiments in 2014. The t-channel process is
measured with a precision of about 10% and the high
event yields allow to test the electroweak coupling in
the top quark sector and to inspect possible anomalous
couplings. The recently reported evidence for events
where a tt¯ pair is produced in association with a vector
boson is also a ﬁrst step in this direction.
The ﬁrst world average of the top mass measurements
was released in March 2014. Excellent agreement be-
tween the Tevatron and the LHC experiments was found
and a precision of 0.5% is reached. However, the new
measurements published after the world average exhibit
a tension between the most precise measurements.
The relation of the measured top mass to the one in
the SM Lagrangian is better deﬁned, when the top mass
is determined via well deﬁned theory calculations. A
comparison of the top quark pair production cross sec-
tion with the NNLO+NNLL QCD calculation gave a
precision of 1.5% precision on the top mass as calcu-
lated in the pole mass renormalisation scheme. Many
more detailed studies of top quark properties have re-
cently been published, like measurements of spin cor-
relations and the top polarisation. Almost all results are
limited by the systematic uncertainties on the modelling
of the signal ﬁnal state in the Monte Carlo generators.
These uncertainties are addressed by ﬁducial ﬁnal
state measurements quoted based on stable particles en-
tering in the detector to assess with the least model de-
pendence the agreement of data and Monte Carlo pre-
dictions. In this way the quality of Monte Carlo sim-
ulations can be assessed in speciﬁc kinematic regions,
e.g. for high jet multiplicities. and the programs can
be further reﬁned by more accurate theory input. So
far Monte Carlo simulation based on NLO matrix ele-
ments for the 2 → 2 hard scattering process and LO-
based multi-leg MC with up to three additional partons
matched with parton shower are used as standard tools
in the experimental analysis. Recently a new frontier
has been reached with the advent of Monte Carlo sim-
ulation that merged NLO matrix elements with up to 4
partons hard scattering process and matched to parton
showers.
More interesting results are expected from the ﬁnal-
isation of the analyses of the existing LHC data. With
the increase of the centre-of-mass energy starting next
year and the high expected luminosity a further big step
can be expected.
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